CONTEXT: Periventricular/intraventricular hemorrhage (PIVH) is a common short-term morbidity in preterm infants, but its long-term neurodevelopmental impact, particularly with mild PIVH, remains unclear.
Periventricular/intraventricular hemorrhage (PIVH) is a frequent complication of prematurity, resulting in brain injury. Its incidence has declined since the 1980s, but because of improvements in neonatal care resulting in increased survival of extremely preterm infants, the absolute number of cases remains high. 1, 2 It occurs in 25% to 30% of all very low birth weight preterm infants ,1500 g, 3 and the reported incidence in extremely low birth weight infants ,1000 g is as high as 45%. 4, 5 In preterm infants, PIVH results from bleeding in the germinal matrix, a highly cellular and vascularized layer located between the caudate nucleus and the thalamus at the level of the foramen of Monro, from where neurons and glial cells arise during fetal development. 6 The germinal matrix starts to involute by 28 weeks and is generally absent in term infants. 7 Extreme friability of capillaries in the germinal matrix combined with their inability to autoregulate cerebral blood flow makes preterm infants susceptible to PIVH. 8 Severity of PIVH is commonly described according to the modified Papile classification 6, 9 as follows: grade 1 PIVH refers to bleeding confined to the germinal matrix; grade 2 denotes PIVH occupying #50% of the lateral ventricle volume; grade 3 PIVH occupies .50% of lateral ventricle volume, usually leading to distension and dilatation of ventricles; and grade 4 PIVH indicates presence of an infarction and/or hemorrhage in the periventricular white matter ipsilateral to a large PIVH. Even though the classification was based on computed tomography images, cranial ultrasonography (CUS) is most commonly used in the clinical setting to report PIVH. Despite suggestions in recent years to replace this classification system with a more precise and descriptive nomenclature, 10, 11 the Papile criteria remains widely used 12 in clinical settings, and decisions regarding management and counseling are mostly based on these findings.
Because of the nature of the injury, prognostication of long-term neurodevelopmental outcomes in preterm infants with PIVH has been an active area of research. Low-grade (mild) PIVH, consisting of grades 1 and 2, were previously believed not to increase the risk of neurodevelopmental impairment (NDI) beyond the risk associated with prematurity alone. 13 However, some recent studies have challenged this notion, 14, 15 whereas others 16 continue to support the benign nature of mild PIVH. On the other hand, severe grades of PIVH (grade 3 and 4) are well known to be associated with NDI, but there are significant variations in the reported outcomes, [17] [18] [19] [20] which may lead to variability in counseling of long-term outcomes between practitioners. None of the previous reviews have systematically summarized neurodevelopmental outcomes of different grades of PIVH after adjusting for confounders and effect modifiers. 13 Because of the widespread use of this system, there is a need for a systematic review of this literature with a meta-analysis that will aid neonatologists when providing counseling to parents of preterm infants with PIVH.
METHODS
This meta-analysis was conducted and reported as per the guidelines from PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses). 21 The protocol for the review was registered with PROSPERO (registration number CRD42015017105), the international prospective register for systematic reviews (http://www.crd.york.ac.uk/ NIHR_PROSPERO).
Types of Studies
Observational studies including cohort and case-control studies were included if published in peerreviewed journals and published after 2000. Studies that followed a cohort of patients enrolled in a previously conducted randomized controlled trial were deemed eligible for inclusion. Only those studies that reported on long-term outcomes based on PIVH severity and did not have a prespecified primary predictor other than PIVH were considered for inclusion. Narrative reviews, letters/ editorials, case reports, crosssectional studies, case series, and dissertations were excluded.
Types of Participants
Studies reporting on long-term outcomes in preterm infants (,34 weeks' completed gestational age [GA]) were included. Studies that included a mix of preterm and latepreterm infants (34-36 weeks' completed GA) or preterm and term infants ($37 weeks' completed GA) were excluded.
Exposure and Comparison
To be considered eligible for inclusion, studies must have reported (or provided adequate information to generate) childhood neurodevelopmental outcome data adequate for at least 1 of the following comparison groups:
• Specifically, studies that did not distinguish between mild and severe PIVH were excluded. Furthermore, studies that reported outcome of severe PIVH versus a combination of no PIVH and nonsevere PIVH were excluded. The highest grade of PIVH reported (on either left or right side) for an individual patient was used for classification purposes.
The determination of mild and severe PIVH was based on the aforementioned modified Papile criteria. 9 As such, only studies that classified PIVH based on the modified Papile criteria (or provided adequate information to do so) were included. Mild PIVH consisted of grade 1 and/or 2 PIVH, whereas severe PIVH consisted of grade 3 and/or grade 4 PIVH. Presence of additional CUS anomalies such as intraparenchymal echodensity/ echolucency, porencephalic cysts, and/or periventricular leukomalacia were not a cause for exclusion but were noted.
Outcomes
Studies were included if they provided outcome data for $1 of the following aforementioned comparison groups. Planned sensitivity analyses included studies with and without .30% loss to follow-up and meta-analysis of primary outcome with and without studies with a high risk of bias. Planned subgroup analyses for the primary outcome included analyses of GA #28 weeks and .28 weeks, as well as infants ,1000 g and 1000 to 1500 g at birth.
Primary

Review Methods
Search Strategy
The search strategy was designed in conjunction with an information specialist at Mount Sinai Hospital,
FIGURE 1
Study selection log of systematic review by using 4 databases (Embase, Medline, PsychINFO, and CINAHL). 
Data Extraction
One author (A.M.) conducted the literature search in conjunction with reference librarians at Mount Sinai Hospital, University of Toronto. After amalgamation of results from the 4 databases, titles and abstracts were used to screen studies by A.M. Of the remaining studies, a standardized screening form was used by 2 authors (A.M. and V.S.) to identify eligible studies based on aforementioned criteria. In addition, studies identified from references were similarly screened and assessed for eligibility. Any discrepancies were resolved by involving the third author (P.S.). Data extraction for included studies regarding study design, patient characteristics, inclusion and exclusion criteria, exposures and comparisons, and outcome assessments were performed by A.M. and double checked by V.S.
Assessment of Risk of Bias
The risk of bias for each included study was assessed by using a modified Newcastle-Ottawa Scale 25 and the following domains were evaluated: selection, comparability, and outcome. A priori, a score of 8 or 9 of 9 was deemed low risk; 6 or 7 of 9, moderate risk; and #5 of 9, high risk of bias. Of all included studies in the systematic review, only those with low or moderate risk of bias were deemed eligible for inclusion in meta-analyses. Studies with a high risk of bias would be eligible for results but not meta-analysis. In addition, follow-up loss of .30%, regardless of score on modified Newcastle-Ottawa Scale, was considered a high risk of bias. Assessment of risk of bias was performed by 2 authors (A.M., V.S.), independently and any conflicts were resolved with involvement of the third author (P.S.).
Data Synthesis and Statistical Analysis
Studies deemed not comparable due to clinical or methodological heterogeneity as assessed by the authors were not considered eligible for meta-analysis. Unadjusted and adjusted data from studies eligible for meta-analysis were combined using a fixed effects model for all comparisons of interest. Unadjusted and adjusted odds ratios (ORs) were calculated, reflecting the ratio of odds of the outcome of interest between comparison groups. All analyses were performed using Review Manager 5.2 (Cochrane
FIGURE 2
Unadjusted pooled ORs for the primary outcome of death or moderate-severe NDI for all 3 comparisons.
Collaboration, Nordic Cochrane
Centre, Copenhagen, Denmark). 26 
Heterogeneity and Publication Bias Assessment
Variability in the study design, participants, exposures, outcomes assessed, and biases were evaluated qualitatively to determine clinical and methodological heterogeneity and to assess the appropriateness of pooling studies together by 2 authors (A.M. and V.S.) independently, and discrepancies were resolved by involving the third author (P.S.). Furthermore, Forrest plots were assessed for heterogeneity. Statistical heterogeneity was determined for studies grouped together using I 2 values (derived from the x 2 Q statistic). It was determined a priori that if any comparison for any outcome were to have .10 studies eligible for pooled analysis, a funnel plot was to be generated to assess for publication bias.
RESULTS
Description of Studies
The results of the search, the study selection log, and the number of studies are as shown in Fig 1. Of the 3347 studies resulting from the database searches, 85 full-text studies were evaluated for eligibility, and authors were contacted where necessary to provide clarification or missing data. This process resulted in 20 studies deemed eligible for inclusion. [14] [15] [16] 19, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Additionally, 1 study 43 was identified and deemed eligible through searching references of included studies, bringing the final total to 21. Baseline characteristics of the 21 included studies are as shown in Supplemental Information 2.
References for all excluded studies, including causes for exclusion, are available in Supplemental Information 3.
Risk of Bias Among Included Studies
The risk of bias, as determined by the modified Newcastle-Ottawa Scale for included studies, is as shown in Table 1 . Eighteen studies had a low or moderate risk of bias, and 3 studies with a high risk of bias all lost points on the comparability subscale due to the lack of any adjusted analyses. None of the included studies had a loss to follow-up of .30% among the known survivors at time of discharge. Seven studies reported unadjusted and adjusted ORs for at least 1 of the 3 comparison groups. [14] [15] [16] 27, 30, 31, 43 The results from the unadjusted meta-analyses are shown in Fig 3A, Because of the variability in the exposures and reported outcomes (both outcome measure as well as timing of outcome assessment), there was deemed to be significant clinical and methodological heterogeneity, and hence, no meta-analyses were performed. Table 3 depicts studies
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PEDIATRICS Volume 136, number 6, December 2015 that report various neurodevelopmental outcomes between 3 and 18 years and their primary results. CP was evaluated in 4 of these studies and showed generally incrementally higher rates with worsening grades of PIVH. 19 42 Similarly, studies that evaluated school performance found generally worsening scores despite utilizing a variety of assessment tools. 33, 38 Kiechl-Kohlendorfer et al recently reported that almost 46% and 75% of infants with mild and severe PIVH have delayed numerical skills, respectively. 33 Van deBor reported that .20% of children with mild and/or severe PIVH were in special education programs, compared with 8.7% of preterm infants with normal CUS. 38 Studies reporting composite NDIs at various school ages show similar trends, with infants with both mild and severe PIVH having generally worse impairment than infants with no CUS abnormality. 35, [39] [40] [41] One study (O'Keefe et al) reported on visual outcomes alone in patients only with PIVH and found impairment rates of 6.6% and 13.2% with mild and severe PIVH, respectively. 36 However, none of these studies on school performance or composite neurodevelopmental outcomes reported adjusted outcomes.
DISCUSSION
In this systematic review and metaanalysis of long-term outcomes in preterm infants with PIVH, we identified that both mild and severe PIVH were associated with adverse long-term outcomes compared with neonates who did not have PIVH. In particular, mild PIVH was shown to be associated with higher odds of death or moderate-severe NDI, although all studies reporting this primary outcome only provided unadjusted data. There were higher odds of moderate-severe NDI alone in preterm survivors with mild PIVH based on both unadjusted and adjusted data, but no increase in CP or cognitive delay individually at 18 to 24 months. On the other hand, severe PIVH was associated with adverse outcomes in all domains assessed when compared with both no PIVH as well as mild PIVH, with the exception of cognitive delay after adjustment. This suggests that increasing grades of PIVH may have increasing impact on long-term outcomes, and mild PIVH may not be benign as previously suggested. 13 However, many of the reported outcomes are based on unadjusted data and must be interpreted with caution.
Our results confirm that severe PIVH leads to worse neurodevelopmental outcomes than mild PIVH or no PIVH and yields specific unadjusted and adjusted ORs that may be valuable during counseling parents of affected infants. Data from the meta-analyses also point to the need for closer surveillance for NDI in those with mild PIVH, and the importance of postnatal interventions and follow-up programs. Although the progressively worse outcomes from none to mild to severe PIVH may suggest a continuum, it must be remembered that the various grades of PIVH represent often distinct pathology. 10 The question as to why mild PIVH (limited to the subependymal lining of the germinal matrix [grade 1 PIVH] and/or within the ventricle [grade 2]) without any apparent injury to the brain parenchyma would cause neurologic impairment is important.
There are limited human studies evaluating the mechanism of such injury on outcomes, but in vitro studies have demonstrated that various blood components have toxic effects in subventricular zone cells and may impair proliferation, differentiation, and migration of oligodendrocyte precursors. 44, 45 Human neuroimaging studies have also demonstrated quantitative decrease in cortical thickness after uncomplicated subependymal and intraventricular hemorrhage without parenchymal involvement. 46 In addition, the contribution of underlying events that lead to mild PIVH and associated fluctuations in systemic and intracranial pressure remains to be elucidated. However, another important consideration is the accuracy of CUS, with a large body of evidence now reporting that CUS may miss parenchymal injury when compared with MRI. [47] [48] [49] As such, many infants reported to have mild PIVH may have concomitant, but undetected, parenchymal white matter injury that may be contributory to long-term outcomes. This remains an important issue warranting exploration in future studies. However, from a practical standpoint, routine MRI at repeated time points is not feasible, and CUS remains the choice of investigative modality in most NICUs.
The finding of no increase in odds of CP with mild versus no PIVH after adjustment was based only on 1 study 16 and may reflect a true lack of or limited effect on the brain parenchyma. More intriguing is the lack of apparent effect on cognitive outcomes at 18 to 24 months after adjustment in both mild and severe PIVH compared with no PIVH. However, the data for severe PIVH were also derived from only 1 study, 16 whereas only 2 studies reported on mild PIVH. 14, 16 Adjusted outcome data for mild PIVH on CP and cognitive delay were not provided by one of the large studies included in the composite outcome of moderate to severe NDI. 15 We speculate that this is the reason for the findings of higher odds of moderate to severe NDI with mild PIVH despite no increase in odds of CP or cognitive delay individually.
Studies on long-term outcomes (3-18 years) that report on school performance and IQ suggest worsening cognitive performance for both mild and severe PIVH. 33, 34, 37, 38, 41 The lack of effect of mild PIVH on cognitive outcomes may truly be reflective of limited or no damage to the brain parenchyma. Data on short-term impact of PIVH on cognitive performance may also be limited because of the lack of studies specifically addressing it, along with the possibility of selection bias as described further shortly. In addition, it should be noted that numerous studies in recent years have demonstrated the often poor correlation between BSID scores at 18 to 24 months and school-age outcomes. 50, 51 To our knowledge, this is the first systematic review and meta-analysis comparatively evaluating long-term neurodevelopmental outcomes in mild and severe PIVH, compared with no PIVH. The strengths of the study include the importance and relevance of the question raised and providing quantitative guidance to clinicians when counseling parents of infants with mild or severe PIVH with regard to early childhood outcomes. Other strengths include an extensive English-language literature search; explicit inclusion and exclusion criteria; and a 3-way comparison of mild, severe, and no PIVH. No studies with high risk of bias were included in the meta-analysis of early childhood outcomes adding to the confidence in the reported outcomes. Furthermore, we chose not to metaanalyze school age outcomes due to the clinical heterogeneity of methodology and outcomes.
Among the weaknesses of the review, one relates to the fact that of the 21 included studies, only 5 provided adjusted data for the desired outcomes, and only 2 of these studies included postnatal steroids as a covariate. In fact, none of the included studies have reported adjusted outcome measures for death or moderate-severe NDI as a composite Another weakness is the fact that few studies report outcomes by severity of PIVH as well as in comparison with no PIVH. On the basis of the predefined inclusion/exclusion criteria, this unfortunately resulted in the elimination of many large population based studies that reported on long-term outcomes in preterm infant (Supplemental Information 3). Few studies and high variability in reported results from each study led to high statistical heterogeneity. We used a fixed effects model; however, this may call into question our confidence in reported outcomes. There was also a wide birth-year span, ranging from 1992 to 2005 in studies included in the metaanalyses, which covered eras of rapid change in clinical practice; this may have resulted in some clinical heterogeneity between studies. Furthermore, significant clinical and methodological heterogeneity in studies reporting outcomes at 3 to 18 years made a meta-analysis of such studies unfeasible. 19, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Finally, some studies report severe PIVH as a combination of grades 3 and/or 4 PIVH along with several other intracerebral lesions such as periventricular leukomalacia, porencephalic cysts, and intraparenchymal echodense lesions, often without separating them from isolated grade 3 and 4 PIVH. 19, 35, 39 This limits our ability to quantify the impact of grade 3 or 4 IVH alone on outcomes of interest. However, in clinical practice, grade 3 and 4 PIVH often coexist with such anomalies. 13 
CONCLUSIONS
Increasing grades of PIVH may be associated with adverse long-term neurodevelopmental outcomes, and mild PIVH alone may independently have an impact compared with no PIVH. Severe PIVH is associated with a worse outcome compared with both mild PIVH and no PIVH. Neonatologists, follow-up clinicians, parents, and teachers must be cautious in their assessment of infants and children with a history of mild PIVH because these children may need additional resources to maximize their potential. However, further research is required to further elucidate the true effect of mild PIVH on mortality and long-term prognosis of preterm infants. 
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